Remembering and discriminating objects based on their previously learned values are essential for goal-directed behaviors. While the cerebral cortex is known to contribute to object recognition, surprisingly little is known about its role in retaining long-term object-value associations. To address this question, we trained macaques to arbitrarily associate small or large rewards with many random fractal objects (>100) and then used fMRI to study the long-term retention of value-based response selectivity across the brain. We found a pronounced long-term value memory in core subregions of temporal and prefrontal cortex where, several months after training, fractals previously associated with high reward ("good" stimuli) elicited elevated fMRI responses compared with those associated with low reward ("bad" stimuli). Similar long-term value-based modulation was also observed in subregions of the striatum, amygdala, and claustrum, but not in the hippocampus. The value-modulated temporal-prefrontal subregions showed strong resting-state functional connectivity to each other. Moreover, for areas outside this core, the magnitude of long-term value responses was predicted by the strength of resting-state functional connectivity to the core subregions. In separate testing, free-viewing gaze behavior indicated that the monkeys retained stable long-term memory of object value. These results suggest an implicit and high-capacity memory mechanism in the temporal-prefrontal circuitry and its associated subcortical regions for long-term retention of object-value memories that can guide value-oriented behavior.
A ccumulated experience shapes the way we perceive and interact with the objects around us. Many animals are able to adapt quickly and respond to stimuli that predict reward, as evidenced by the capacity to condition behavior to initially neutral stimuli in vertebrates (1-3) and invertebrates (4) using food reward. Primates rely strongly on their sense of vision to interact with their surroundings and are adept at forming new object-reward associations, often with limited reward repetitions. For example, rhesus macaques readily learn to discriminate and choose high-value objects with fewer than 10 reward pairings per object (5-7). Such short-term adaptability is thought to be critical for behavioral flexibility when encountering stimuli in a novel or volatile environment.
The short-term learning of value is, however, most advantageous if this information is retained over the longer term, so that learned information can be applied for the rest of the animal's lifetime. This capacity entails mechanisms that support the formation of stable memories, for example, of objects that deliver consistently positive outcomes (good objects). From an ecological perspective, the persistence of value-based memories is important for activities such as foraging, when cues associated with food are not encountered for protracted periods due to seasonal availability. However, aberrations of such long-term value memories become important when persistent memories turn maladaptive, as observed in drug addiction.
Indeed, recent behavioral evidence demonstrates the existence of long-term object-value memory in nonhuman primates. For example, we recently found that long-term object-reward pairing created a visual pop-out for good objects from surrounding bad objects, which was sustained for many weeks (8) . The good object was often detected by the first saccade with a short latency (<150 ms), among objects that were equally familiar to the animals. While there are extensive studies on cortical circuitry involved in long-term memory of familiar objects (9) (10) (11) , the cortical substrate for long-term retention of value memories for equally familiar objects is not known. Research in our laboratory has shown that the posterior basal ganglia rapidly differentiates good and bad objects (<120 ms) and maintains that discrimination over periods lasting from a few days to several months (7, 12, 13) . Since the posterior basal ganglia receives its input mainly from visual cortical areas, there is a possibility that value memory is maintained by changes in sensory representation of good objects in the cortex. While studies of cortical visual processing have shown some evidence for rewardrelated modulation (14) (15) (16) (17) , it is unknown to what extent high-level cortical areas can retain the learned responses to arbitrary value associations for extended periods of time after training.
To address this question we exploited the coverage of wholebrain fMRI in macaque monkeys to study the persistence of stimulus reward associations long after training. During a training Significance Animals, including humans, are surrounded by many objects, only some of which are valuable. To survive, it is critical to efficiently discriminate valuable objects, particularly those that are only occasionally or seasonally available. Here, we use fMRI to show that, in macaques, a network consisting of areas in the temporal and prefrontal cortex and their associated subcortical structures maintained value memories for a large number of objects. This memory representation lasted for many months after the objects were last seen and accordingly the monkeys were able to find valuable objects efficiently. We postulate that this temporalprefrontal circuit is critical for drawing on learned value memory to guide goal-oriented behavior toward certain objects.
period of at least 10 d, two animals were repeatedly shown 100 or more complex fractal objects. Each fractal was arbitrarily chosen to be consistently associated with a small or large juice reward. The long-term effects of this training on visual responses across the brain were then evaluated in two rounds of fMRI scanning. The first round was performed within 10 d after completion of the training period (days-old memory). The second round, designed to test the persistence of the long-term memories, took place much later (months-old memory). In this case, testing took place after the monkey had gone 6-13 mo without any exposure to the stimuli. In both rounds, analysis focused on the differential hemodynamic response to the learned good vs. bad visual objects (hereafter GB discrimination or coding). Both rounds of scanning were performed using the contrast agent monocrystalline iron oxide nanoparticles (MION), which, through its isolation and enhancement of local cerebral blood volume, leads to an improved signal-to-noise ratio compared with BOLD (blood-oxygenation-level-dependent), albeit with a somewhat diminished temporal resolution (18) .
We found a core of visually responsive regions in the temporal and prefrontal cortex that exhibited a memory for learned value that persisted across months. We assessed several features of this cortical value memory signal, including its retinotopic specificity, the position of the cortical core areas relative to well-described face patches in the same animals, and its network properties relative to resting-state functional connectivity. A similar, albeit weaker, expression of long-term memory was also observed in several subcortical structures, but not in the hippocampus, which is known to be involved in episodic or relational memories (19) . Finally, we verified the long-term behavioral biases toward good and bad objects in the context of a free-viewing task (20, 21) . We discuss the results in regard to the neural substrates of objectvalue learning across the brain and long-term value discrimination in posterior basal ganglia.
Results
Two rhesus macaques (U and D) viewed computer-generated fractal patterns that were repeatedly paired with low or high rewards (Fig. 1A) , dividing the stimuli into good and bad object categories. Previous studies have shown that efficient behavioral discrimination of good and bad objects emerges after a few days of reward pairing (7, 8) . In the present study, monkeys underwent this training for at least 10 d (sessions), after which the fMRI responses were evaluated during passive viewing. We employed a large number of random fractals (≥100) for each monkey (Fig. 1B) , in part to gauge the capacity of the long-term associations, but also to ensure that any observed fMRI response differences could not be attributed to idiosyncratic features in the stimuli themselves.
The main question of interest was whether learned reward associations lead to changes in cortical processing of objects that persist long after the training period and in the absence of rewards (Fig. 1C) . To address this question, good and bad objects were first presented to the monkey in the scanner within 10 d after the last object-reward association (days-later scans). The monkey's task during the fMRI experiment was to simply fixate a white center dot (Fig. 1D) . A scanning run consisted of alternating base and probe blocks, each lasting for 30 s (total of 16 blocks). During the base blocks, only a white fixation dot was shown. During the probe block, the previously experienced fractal objects were presented one at a time in the periphery along with the central fixation. There were four types of probe blocks consisting of good or bad objects presented in the left or right visual hemifields (2 value × 2 hemifield, Fig. 1D , Bottom). These four probe block types were presented in a pseudorandom order (SI Methods).
Since the present study focused on how previously learned associations were expressed and retained over time, all fMRI tests were carried out using passive viewing and in the absence of contingent reward for objects. The animals were rewarded at random time intervals for the successful maintenance of central fixation, with the total number of rewards received being similar between good and bad blocks in both monkeys (Fig. S1A ). Both animals had extensive experience with this passive viewing task, both outside and inside the scanner (>3 mo), before the actual scans. As a result, fixation breaks were infrequent during the scans (<12% fix-break/object) and were not significantly different for good and bad blocks for both monkeys (Fig. S1A) . The frequency and pattern of fixational saccades during fixation were also similar in good and bad blocks (Fig. S1B) . Thus, differences in activation between good and bad blocks were attributed to modulation caused by previously learned object-reward associations. The number of rewards and fixation breaks were also comparable for the left-and right-presentation blocks (Fig. S1C) . Thus, the interaction between value and spatial coding were not attributable to differences in reward or fixation breaks between the two visual hemifields.
GB Discrimination After Days and Months. Scans in the days following training showed robust differentiation of good and bad objects in several cortical areas ( Fig. 2 A and B and Fig. S2 ). This Fractals used in the fMRI for monkey U (n = 104), which were randomly assigned to good or bad category during training. (C) Differential cortical activation to good and bad fractals (GB discrimination) were measured using fMRI days and months after last reward training using a passive viewing task and in the absence of reward. (D) Passive viewing task with a block design: In all blocks, subject kept central fixation. In the base blocks, no object was shown. In the probe blocks, good or bad objects were shown on the left or right hemifield at 6°eccentricity.
was most prominent in the posterior-ventral superior temporal sulcus (pvSTS), including areas TEO, FST, and IPa, and in ventrolateral prefrontal cortex (vlPFC), including areas 45a/b and 46v. Similar effects were found in lateral intraparietal area (LIP), anterior-ventral superior temporal sulcus (avSTS, such as TEa and TEm), and early visual areas V1-4 ( Fig. 2 C and D) . These areas were more strongly activated by good than bad objects, days after final reward training, and in the absence of rewards. We then performed the same experiment 6-13 mo later (months-later scans) ( Fig. 3 A and B and Fig. S2 ). During the intervening period, the monkeys never saw the trained objects. However, upon passive presentation of the fractals, we found enhanced responses to the good stimuli in several areas, including pvSTS (TEO, FST, and IPa), avSTS (TEa and TEm), and vlPFC (area 45b). Most of these areas had also shown enhanced activity in days-later scans (Fig. 3 vs. Fig. 2 ). In contrast, many other areas showed diminished (e.g., LIP) or no (e.g., V1-4) value coding ( Fig. 3 C and D; for the response time course within example areas in days-and months-later scans see Fig. S3 ).
These value-coding areas also showed spatial biases: stronger responses to contralateral than ipsilateral objects (Figs. 2C and 3C). In both monkeys the contralateral bias was stronger in the early (V1, V2, V4, and TEO/FST) than in the late (LIP, TEa/m, and 45a/b) visual regions [main effect of region F(6, 98) > 55, post hoc t(103) > 13, P < 0.001], consistent with the reduction in the contralaterality and increase in size of the receptive fields along the visual hierarchy (22) . The hemifield and GB coding showed an interaction such that in all example areas value-based discrimination was stronger for contralaterally presented objects. This interaction (i.e., contra minus ipsi GB coding) was stronger in early (V1, V2, V4, and TEO/FST) compared with late (LIP, TEa/m, and 45a/b) visual regions (Fig. 2D ). Further analysis showed this effect to be significant in both monkeys in the daysold period [main effect of region F(6, 196) > 7.1, post hoc t 103 > 4, P < 0.001]. In the months-old period, this difference in interaction between early and late visual areas disappeared in monkey U [ Fig. 3D , main effect of days/months period F(1, 196) = 153, P < 0.001] but remained significant in monkey D [t(103) = 2.9, P = 0.004]. Note that this increased symmetry in value coding (Fig. 2D vs. Fig. 3D ) in monkey U emerged despite a maintained contralateral dominance of overall visual response selectivity (Fig. 2C vs. Fig. 3C ).
In both monkeys the regions showing long-term value coding were prominent in prefrontal and temporal cortical areas in days-later scans and after a gap of several months became largely restricted to the posterior temporal cortex and the vlPFC ( Fig. 4 and Fig. S4 ). There were also some differences across the monkeys. The value coding in the posterior temporal cortex was lateralized in monkey D (left > right), but was bilateral in monkey U (Fig. 4) . Although GB discrimination was mostly positive (good > bad) across cortical areas, some negative coding was also observed (e.g., lunate sulcus in the right hemisphere of monkey D; Fig. 4 and Fig. S2 ). Table S1 shows the summary of all cortical regions with significant GB discrimination in dayslater and months-later scans. Fig. 5A further compares the distribution of GB coding voxels in the two memory periods. Most of the value-coding signals in the months-old period were subregions of the days-old period (red DM voxels active in both periods and green D voxels active only in the days-old period). There were some exceptions, where the months-old value coding appeared outside regions with daysold value coding, particularly on the ventral surface of the inferior temporal cortex (blue M voxels; also see Fig. S4 ). Across all value-coding cortical areas GB discrimination tended to be stronger in more anterior regions in the days-old period and in more ventral regions in the months-old period (Fig. S5 ). Despite being active in both days-and months-old periods, value coding in DM voxels underwent key changes with respect to the spatial coding. While value coding was stronger in the contralateral visual hemifield in both periods, the spatial asymmetry in value coding decreased in the months-old period in both monkeys (Fig. 5B) , consistent with data from the selected areas (Figs. 2D and 3D ). Furthermore, we found that the contralateral bias in value coding, which scaled with the strength of contralateral selectivity across the DM voxels in the days-old period, became independent of contralateral selectivity in the monthsold period ( Fig. 5B ; see Fig. S6 for visual hemifield coding map). Thus, the GB discrimination in DM voxels became increasingly independent of retinotopic biases going from days-to monthsold period.
To place the cortical value-coding maps into the bigger context, we located the value-coding areas with respect to the face patches, which are known to have stereotypical locations across the temporal and prefrontal cortices (23), using separate localizer scans in the same animals (SI Methods). The face patches were largely nonoverlapping with GB coding patches, except for the ML face patch, which overlapped with the anterior portion of GB coding region in pvSTS. The DM voxels in pvSTS were bordered by the PL face patch posteriorly (Fig. S7) (23) . The GB coding areas in vlPFC were more dorsal and posterior to the PL/PO face patches (Fig. S7) (24) .
Functional Connectivity Between Value-Coding Areas. To investigate the network properties of long-term value memory we examined the functional connectivity among value-coding cortical areas based on their spontaneous activity ( Fig. 6A and SI Methods, resting correlation analysis). Briefly, the time-course correlations computed across all pairs of areas during rest, which are commonly taken as a measure of functional connectivity, were inverted to provide a distance matrix that allowed for 2D visualization using multidimensional scaling. In the resulting plots ( Fig. 6B and Fig. S8 ) the functional connectivity is approximated by the distance between any two points, each representing a cortical area, where smaller distance indicated stronger functional connectivity. We found that among GB coding areas, regions in vlPFC (45a/b and 46v) had notably high resting similarity to areas in pvSTS (TEO, FST, and IPa) and thus were located close to each other on the 2D graph despite anatomical distance. To aid in visualization, we applied a blind density-based clustering in this 2D space, which separated the value-coding areas into several groups (shown in different colors). In both animals the vlPFC and pvSTS areas fell into the same cluster, which we will refer to as the temporal-prefrontal or "TP" cluster.
We then compared this resting-state data to the value-coding responses obtained in the days-later and months-later testing sessions. We asked whether there was any systematic relationship between the value memory signal and spontaneous network activity, characterized by functional connectivity. We found that not only did regions in the TP cluster had stronger months-long value memory compared with regions outside this cluster in both monkeys (Fig. S9) but that the functional connectivity to the TP cluster predicted the persistence of GB discrimination for areas across the brain. This was shown by computing the Euclidian distance to the center of mass of the TP cluster in the 2D resting space for each region (Fig. 6B) and using that as a measure of functional connectivity to the TP cluster. This analysis showed that GB discrimination after several months (but not before) fell off as a function of distance from the TP cluster (Fig. 6C) and was thus positively related to the resting-state functional connectivity to the TP core. This unexpected finding indicates that the areas showing weaker functional connectivity to the TP core tended to lose their value coding over months. Subcortical Substrates for GB Discrimination After Days and Months.
We found similar, albeit weaker, value coding in certain subcortical areas including the striatum, amygdala, and claustrum. Within all three structures we found regions that showed significant GB discrimination days and months after training (Fig.  7A, Fig. S10A , and Table S2 ; see SI Methods for details). Similar to cortical activation, days-later GB discrimination tended to be stronger than months-later discrimination in all three subcortical areas. In the striatum, GB discrimination was found largely in the caudal-ventral putamen (cvPut) and caudate tail (CDt), consistent with previous electrophysiological findings (12, 18) . Parts of cvPut and CDt showed persistent value memory that lasted for many months. Such value memory was largely absent in the dorsal striatum, including the caudate head (CDh) except for some activations close to the internal capsule. In the amygdala, GB discrimination after days was found mostly in dorsal and lateral areas and was maintained to some degree after many months. In the claustrum, days-long value memory was prominent and was largely confined to its caudal-ventral portion. This area also retained GB discrimination after months to some degree. In contrast, the hippocampus showed no consistent GB discrimination in either days-or months-later scans (Fig. 7A) , despite sufficient temporal signal-to-noise ratio (SI Methods). Some GB discrimination was also found in cerebellum in monkey U in the most anterior part of posterior lobe close to midline in days-later scans [−1, 34.5, 1.5 RAI DICOM standard atlas (25) ].
We then asked whether these subcortical areas are functionally connected with the TP cluster (Fig. 6 ). To this end, the resting signal in the TP cluster was averaged and was correlated with the resting fluctuations in the subcortical areas (SI Methods). We found that subregions within all of the four subcortical areas showed significant correlation to the TP cluster ( Fig. 7B and Fig.  S10B ). Importantly, this correlation was prominent in cvPut, CDt, ventral claustrum, and dorsolateral amygdala, where strong value memory was also observed (Fig. 7A and Fig. S10A ). Parts of CDh (close to the internal capsule) also showed positive correlation, but the most dorsal areas showed significant negative correlation. Parts of the hippocampus showed significant correlations, but their locations were not consistent between the two monkeys (anterior and posterior in monkeys U and D, respectively).
Behavioral Discrimination of Days-Old and Months-Old Values. Given persistent value coding within cortical and subcortical areas, we asked whether the monkeys remembered and discriminated good and bad objects behaviorally. To address this question we used a free-viewing task days or months after training (Fig. 8A) . Differential gaze bias during free viewing has been previously used as an index of memory strength (10) . In each trial, four objects from good and bad categories were chosen randomly and were presented simultaneously on the screen (Fig. 8B) . Results showed that after both memory periods the monkeys viewed good objects longer compared with bad objects (Fig. 8C) , even though there was no object-reward association during free viewing. This gaze bias is consistent with our previous studies (21, 22) . Surprisingly, the level of the free-viewing bias was maintained completely in the months-old compared with daysold period (Fig. 8C and Fig. S11 ). The months-old bias was even stronger than the days-old bias in monkey D, which may be related to the prevalence of emergent value-coding areas in the TP cortices (M voxels in Fig. 5A : 204 vs. 111 M voxels in monkey D vs. U, respectively).
Discussion
Our results revealed a robust cortical differentiation of objects based on their old values. Several days after the object-reward association learning the discrimination of good and bad objects The contralateral minus ipsilateral GB discrimination vs. the hemifield discrimination across DM voxels in both monkeys (small axes, Pearson' correlation "r" and significance "p" are noted in each plot). Correlation was significantly higher in days compared with months in both monkeys (Fisher's Z test, P < 0.002).
was found in multiple, distinct cortical areas, including the vlPFC, the ventral bank of the superior temporal sulcus (vSTS), and the LIP. This discrimination happened during passive viewing of objects in the absence of reward. Importantly, we found that such value-dependent discrimination persisted for many months in core areas within temporal and prefrontal cortices (Figs. 2-4 and Figs. S2-S4 ). The GB discrimination was maintained for a large number of initially neutral objects, thus revealing a high-capacity long-term memory mechanism in primate brains for objects with biased reward histories. Accordingly, monkeys showed persistent behavioral bias toward good objects days and months after value association ( Fig. 8 and Fig. S11 ). It is well known that the brain routinely assigns value to objects based on experience. General stimulus reward learning in primates has been studied extensively using a variety of methods such as single unit recording (26) , functional imaging (27) , or lesions (28) . Many electrophysiological studies in monkeys have revealed a distributed network for object-reward learning in Table S1 ) are plotted in 2D space such that smaller distances represent higher similarity in activity during rest (resting similarity). Detected clusters are plotted with different colors. "×" denotes regions that did not fall into any cluster. Several areas in pvSTS and vlPFC fell into the same cluster in both monkeys using densitybased clustering (blue; TP cluster). Some regions are annotated: periarcuate areas in bold black, temporal areas in italic black, and others in gray font. For full annotation see Fig. S8 . (C) Beta coefficients (n = 60) for days-old (Left) or months-old (Right) values as a function of Euclidian distance from the center of TP cluster in the 2D resting space (blue cluster in B) in both monkeys (Pearson's correlation "r" and significance "p" are noted in each plot).
visual cortical areas in frontal (29) (30) (31) , temporal (32, 33) , and parietal (34, 35) lobes. fMRI studies in monkeys and humans have also found reward-learning modulations in visual cortical areas (17, 36, 37) and even in early visual cortices (14, 38) . However, little work has been done regarding long-term maintenance of value-based discrimination for complex objects outside the value training context. In this fMRI study, we focused on persistent discrimination of objects based on days-and monthsold values rather than by values during or shortly after reward learning as was done previously (37, 39) . Furthermore, we used many complex objects (>100) to ensure that our data are scalable and relevant to real-life situations. Long-term reward memories were tested using a passive viewing task in the absence of contingent rewards, because otherwise short-term effects of reward (e.g., reward expectation and consummatory behaviors) would be included in fMRI data (37) . Such short-term effects would be hard to dissociate from long-term changes in visual processing of objects even when attempts are made to deconvolve their contributions, due to nonlinearities present in hemodynamic (40) and neural responses (41) .
Many of the GB coding areas across the cortex appear to conjointly discriminate value and spatial position (Figs. 2-4 and Figs.  S2-S4 and S6) . The combination of value and position coding may enable the subject not only to identify but also to localize good and bad objects wherever they are located. Indeed, our previous study (8) showed that monkeys can rapidly detect and orient gaze (saccade RT < 150 ms) to a good object among many bad objects. Such rapid gaze bias may be driven by strong value and position coding found in the earlier parts of the ventral stream (e.g., TEO) which are known to have short latency visual responses (42) . However, the later parts of the ventral stream (e.g., TEm and TEa) may also contribute to this mechanism because these areas also discriminated object positions, although less strongly (Fig. S6) .
Prefrontal cortex is often associated with working memory that has a short-term and low-capacity storage (43, 44) . However, our results indicate that vlPFC can also participate in long-term, high-capacity memory for object values (Fig. 4) . We found a strong functional connectivity between the vlPFC subregions and the pvSTS subregions that showed strong and persistent value coding (TP cluster, Fig. 6B ). An obvious basis for this could be the known reciprocal connections between vlPFC and pvSTS (45, 46) . However, it was notable that the strength of functional connectivity to the TP cluster predicted the months-long value memory across the value-coding areas in the cortex. For example, certain areas such as LIP and area 46d, with weak functional connectivity to the TP cluster, showed diminished GB discrimination during the months-later scans ( Fig. S2 and Table S1 ). This relationship to resting-state network connectivity, and its specificity for the months-rather than days-long memory, was unexpected and requires further study. Similarly, we did not observe a persistent GB discrimination in orbitofrontal cortex (OFC) which was out of the TP cluster, despite its known role in learning object values (29, 31, 47) but consistent with reports that the OFC is less important for the retention of object values (39, 48) . These data suggest that the vlPFC-pvSTS network plays a key role in retaining object-value memories over long time periods. Our data thus extend the known role of the prefrontal and temporal cortices in object discrimination learning and memory (30, 37, 39, (49) (50) (51) (52) to retention over longer time periods. While unlikely given the low-frequency nature of resting correlations, we note that one cannot completely rule out the possibility that the low-frequency filtering caused by MION could have reduced our power to detect further significant resting correlations.
Value coding was also found in early visual areas (V1-3) in the days-old period. This is relevant to recent studies showing that early visual cortical areas are influenced by reward values in rodents (53) , monkeys (39) , and humans (14) . In the monkey, area V2 was activated by a visual stimulus associated with reward, even after the reward association was discontinued (39) . These studies together suggest that object-value memories are initially encoded in early visual cortical areas, which may contribute to gaze bias to reward-associated objects (39) (Fig. 8) . However, our results showed that the value coding in these early visual areas largely disappeared after several months (Fig. 3) . These findings suggest that visual cortical areas may contribute to decision making in different timescales: the early visual cortex for flexible decisions based on shorter-term memory and the TP network for stable decisions based on longer-term memory. This is similar to the hypothesis we proposed for the posterior and anterior parts of the basal ganglia (54) .
We also found robust value memory within the striatum, amygdala, and claustrum. Recent studies in our laboratory have shown that posterior basal ganglia circuitry including the CDt is specifically sensitive to an object's old values (13, 54) . Indeed, we found GB discrimination in CDt as well as in cvPut in the daysold period (Fig. 7A and Fig. S10A ). The value-coding areas were more localized in the months-old period. Both CDt and cvPut are known to receive direct inputs from the temporal cortex (55) and send signals indirectly to the temporal cortex (56) and the prefrontal cortex (57) . Notably, the value-modulated regions in these subcortical areas showed strong functional connectivity with the TP cluster ( Fig. 7B and Fig. S10B ). Therefore, it is possible that the persistent cortical activation to old values is mediated or trained by the posterior basal ganglia (58) . Furthermore, the posterior part of the basal ganglia is implicated in procedural memories (59) (60) (61) . These data suggest that the longterm memory of object values in the TP network may involve more implicit mechanisms. Indeed, we did not observe significant value memory in the hippocampus, which is known to be involved in relational or episodic but not reward-conditioning memories (62, 63) . However, it should be stated that the absence of activity in the hippocampus cannot be used to rule out its involvement, as is the case with any negative fMRI result. Area TEO is also known to project to ventral claustrum (64) and laterodorsal amygdala (65, 66) . Interestingly, we found that both of these regions showed GB discrimination in days-later and to some degree in months-later scans. Both of these areas are found to project to GB coding areas in CDt (67) . Amygdala is known to be involved in learning object-reward associations (68) . While it is generally accepted that amygdala plays a role in long-term fear memory (69) , its involvement in long-term reward memory was not previously shown. The role of claustrum in object reward learning is less clear. It is known that the ventral claustrum responds preferentially to visual stimuli (70) . Our result showed that such a visual response is strongly modulated by long-term reward memory associated with objects. Whether ventral claustrum is also important for learning the reward associations remains to be tested. Our results showed that the discrimination of good and bad objects during the free-viewing task remained equally strong or even stronger after several months (Fig. 8C) , even though the number of voxels with GB discrimination decreased (Figs. 4 and  5A ). One possibility is that voxels exhibiting long-term value coding were sufficient to maintain the behavioral discrimination. As for the broad distribution of value-coding voxels across the cortex in the initial days after training, they may not have been important for guiding behavior or may have had a critical role in consolidation of value memories. It is also possible that, after the memory consolidation, less synaptic or metabolic activity is required to support the neural activity which is reflected in the diminished fMRI responses (71) . One notable finding related to consolidation is the emergence of value-coding in a few areas only after a several months. Whether the areas marked by emergent value coding indeed reflect consolidation and are critical for long-term value memory awaits further study. Future experiments with faster dynamics may partially address these issues by examining the neural correlates that explain variability of behavioral memory between individual objects which was not currently possible with MION in a block-design paradigm.
Some studies have shown that while both high-and low-value stimuli are remembered well above chance, high-value objects tend to be remembered better (refs. 72 and 73, but also see ref. 74 for lack of a recognition difference between high-and low-value objects). Thus, the effect of value in GB discrimination in our study may be partially mediated by selective forgetting of bad objects, especially after months. While we cannot completely rule out this possibility, we note that we did not observe differential activation in hippocampus, known to be important for recognition memory, to good and bad objects. Also, it is known that viewing is biased toward novel objects during free viewing (10, 21) . Thus, the presumed novelty of bad objects should have reduced (or reversed) the free-viewing preference for good objects after months, which we did not observe either (Fig. 8) . One possibility is that long-term exposure to objects during training (>10 d, >100 trials per object) prevented forgetting of objects themselves in our experiment. Nevertheless, a direct examination of recognition memory after months awaits further behavioral testing.
We speculate that various physiological and psychological phenomena, such as enhanced attention or positive emotional responses to good objects, will be contingent upon valuedependent activations observed across the brain in this study. Indeed, many of the activated areas in the current study in prefrontal, parietal, and temporal areas are known to be implicated in visual attention (75) . Determining the functional role of the observed activations requires causal manipulations in each activated region in tasks designed to test specific behaviors that rely on value memory of objects. Nevertheless, a dissociation between attention and valuation signals in a given brain region may be elusive (76, 77) . For instance, we observed a reduction of activated voxels in months-later scans in regions that are thought to be involved in visual attention (Fig. 5A) without observing a behavioral reduction in attentional bias toward good objects (Fig. 8) . This warns against a simple equivalence between valuedependent activation in the brain and attention.
In summary, our results revealed a long-term high-capacity memory mechanism in the primate cerebral cortex for discrimination of objects based on their old values. Repeated reward association created differential object selectivity in the ventral stream as early as areas V4 and TEO that was persistent for many months (Table S1 ). The stability of object discrimination for many months in temporal and prefrontal cortical areas as well as several subcortical regions explains the stability of behavioral memory of object values reported here and in previous studies (7, 8, 78, 79) . Maintaining memory of an object's old value is important in real life, where many objects are experienced and must be efficiently detected in future encounters. This system allows animals and humans to robustly adapt to their environments to find previously rewarding objects accurately and quickly. However, this long-term high-capacity memory could also be relevant for maladaptive behaviors. For example, one can speculate that in drug addiction a large number of reward cues can be easily remembered and persistently activate selective temporal and prefrontal cortical areas several months after drug exposure. Our results thus reveal a key cortical network that can be targeted by novel interventional methods proposed for drugs of addiction (80).
Methods
All procedures followed National Institutes of Health guidelines and were approved by the Animal Care and Use Committee of the National Eye Institute. A detailed explanation of experimental procedures and data analysis is provided in SI Methods. Briefly, two rhesus macaques (U: female, D: male) participated in awake tests of value-based object discrimination for values trained days or months before. fMRI data were preprocessed and multiple linear regression using MION hemodynamics was performed to quantify differential activation as percentage change from mean to good vs. bad objects and to contra-vs. ipsilateral hemifields across the whole brain using AFNI and custom written MATLAB code. Visualization on the inflated surface of a standard brain was made by SUMA. A summary of all cortical areas with GB coding in days or months in both monkeys is provided in Table S1 . Face-patch localizers were done in separate runs using conspecific monkey faces vs. ordinary objects or unrewarded fractals. Resting-state similarity of cortical areas with GB coding was determined from pairwise Pearson's correlation obtained from first base block from all runs for each monkey. Multidimensional scaling was done using MATLAB mdscale with Sammon criteria and density-based clustering was done with a MATLAB function provided by Yarpiz Project. A summary of all subcortical regions of interest (ROIs) with GB coding in days or months in both monkeys is provided in Table S2 .
